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EXECUTIVE SUMMARY



Mercury has been identified by the EPA as their air toxic of greatest concern (EPA, 2000).  Accordingly, the EPA and Bush administration have proposed legislation such as the Clear Skies Act and Utilities MACT which have focused on mercury reduction and monitoring. To date, however, limited success with mercury Continuous Emissions Monitors (CEMs) has been achieved. Cooper Environmental Services (CES) was contracted by the U.S. Army Corp of Engineers to test their Xact continuous mercury monitor during an EPA sponsored test at a coal-fired power plant (CFPP). The Xact extracts a representative emissions sample which is then drawn through a reactive filter.  The filter is advanced to an x-ray fluorescence analyzer where total mercury mass is determined. Results are reported every 20 to 30 minutes with detection limits of better than 0.1 micrograms per dry standard cubic meter.


For the tests, CES first evaluated the filter trapping efficiency and precision using a Mercury Speciation Cassette (MSC). The MSC consists of a stack of filters which measures oxidized and elemental mercury. The MSC tests were designed to compare the capabilities of the filter based approach relative to the EPA’s standard Ontario-Hydro (OH) method for measuring mercury. 



In general, the Xact and MSC performed very well relative to the OH, showing accuracy and precision that were on the same order as the standard method. Test results showed that:


1) The Xact total mercury relative accuracy was 25%, which was essentially the same as the 22% RA between duplicate OH test runs.



2) The MSC total mercury relative accuracy was 12% relative to the OH method, substantially less than the 20% required for method equivalency.



3) The MSC fractional mercury speciation was in excellent agreement with OH results showing an average of only 4% difference in the percent elemental mercury for all 12 OH runs.



4) The MSC relative precision was 30% better than the precision listed in the OH method for measurements less than 3 µg/dscm.



This first Xact unit did develop cold spots which caused occasional water condensation and inconsistent results. This problem is being mitigated with more uniform heating.



One of the largest problems for all candidate methods was the limited accuracy and precision of the EPA standard method at low mercury concentrations. Concentrations for all but one OH run were below 3 µg/dscm. The OH has a listed precision of 34% under these low concentrations (ASTM, 1999) limiting its ability to evaluate the relative accuracy of the mercury CEMs. In addition, mercury was almost exclusively in the elemental form for all but one run.  Since many CEM approaches are severely impacted by oxidized mercury, the tests have limited applicability for CFPP which have significant concentrations of oxidized mercury. Although additional testing is needed at varying mercury concentrations and speciation levels, the EPA tests demonstrated the feasibility of the Xact filter based approach to measure mercury in coal-fired power plant emissions.



INTRODUCTION


Cooper Environmental Services (CES) was contracted by the U.S. Army Corp of Engineers to test their filter-based Xact continuous mercury monitoring approach at an EPA sponsored test. The test, under the direction of the Midwest Research Institute (MRI), was designed to evaluate various monitoring approaches for measuring mercury emissions from a coal-fired power plant. MRI’s test occurred in two phases, an initial phase in May 2003 and a follow-up phase in July. During each phase, a series of twelve EPA standard Ontario-Hydro (OH) reference method runs were conducted to evaluate the accuracy of candidate methods (Table 1). 



During the MRI tests, CES conducted a series of grab-sample test runs using its Mercury Speciation Cassette (MSC). The purpose of the MSC testing during the first phase was to evaluate CES’ proprietary filter for trapping and speciating capabilities as well as its use as an alternative to the EPA standard method (OH). During the second phase, CES conducted precision testing of the MSC and tested its Xact mercury monitor relative to the OH reference method. The Xact is a true continuous emissions monitor (CEM) for mercury and reports total mercury concentrations every 20 to 30 minutes.


This report summarizes the performances of CES’ MSC and Xact relative to the EPA standard Ontario-Hydro method.



MERCURY SPECIATION CASSETTE TESTING



The MSC consists of a filter stack within a Teflon coated stainless steel filter holder (Figure 1).  The first filter traps particulate and gas phase reactive mercury. This filter is followed by a filter for trapping elemental mercury and a back-up carbon impregnated filter to ensure that breakthrough was not occurring. The cassettes are small enough to fit in the palm of an operator’s hand and can be inserted directly into the stack through a port that is 3 inches or larger in diameter. For this test, an in-stack approach was used since the stack temperature was about 180° F. 


Table 1. MRI Test Arrangement 

     Figure 1. Mercury Speciation Cassette
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The MSC approach offers a number of advantages over traditional standard methods including:



· Detection limits of better than 0.1 micrograms/dscm for 50 minutes of sampling


· Sampling, analysis and sample recovery are completed without chemicals


· Sampling can be conducted by one operator


· Cassettes can be changed within five minutes


· Filter samples can be sent via FedEx for next day analysis



· Low per-run analysis cost


· Routine analysis turn-around-time is typically less than one week



· Potential exists for in-field XRF analysis for same day results



· XRF analysis is non-destructive, so filters can be archived and reanalyzed at a later date



The results of the MSC testing during phase 1 are illustrated in the regression plot shown in Figure 2 and listed in Table 2. A total of 12 OH runs were conducted with each run lasting two hours. For each OH run, two 50 minute MSC samples were collected by CES. In general, the MSC and OH were in very good agreement with a relative accuracy of about 12% (nine valid runs), well within the 20% criteria for alternative methods specified by EPA’s proposed Performance Specification 12. Three of the 12 OH test runs were omitted from all candidate method comparisons. Runs 2 and 6 were omitted because of poor OH replication (>40% difference) and run 8 was omitted due to a plant upset and highly variable mercury concentrations. For 11 of the 12 runs, the total mercury concentration ranged from about one to five µg/m³ with 90% in the form of elemental mercury. During run number 8, the stack gas temperatures increased significantly, total mercury increased to over 20 µg/m³ and averaged about 14 µg/m³ during the two hour OH test run. During this upset period, the elemental mercury concentration dropped from about 4 µg/m³ to about 2 µg/m³, but the oxidized mercury concentration increased about 300 fold; i.e., from about 0.04 µg/m³ to about 12 µg/m³, and represented about 85% of the total mercury. The high correlation (r² = 0.962) and low intercept of the MSC with the OH for the nine valid runs indicates good agreement between the two methods.


Figure 2. Correlation of MSC with OH During MRI Phase 1 Testing
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Table 2. Reported MSC and Ontario-Hydro Results for Phase 1 Testing
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RUN RUN START STOP



OXIDa



ELEM. TOT. AVG. OH-1 OH-2 AVG.



Validb



MSC OH



% Diff



1A 1-May 13:20 14:15 <0.03 0.74 0.74 >95.9



1B 1-May 14:26 15:19 <0.04 1.42 1.42 >97.2



2A 2-May 10:20 11:11 0.12 2.77 2.89 96.0



2B 2-May 11:20 12:10 <0.08 2.59 2.61 >96.9



3A 2-May 14:41 15:31 0.10 1.63 1.74 94.0



3B 2-May 15:40 16:30 0.19 1.30 1.49 87.4



4A 5-May 10:00 10:50 <0.04 1.38 1.38 >97.1



4B 5-May -- -- -- -- -- NM



5A 5-May 14:10 14:50 <0.05 1.75 1.75 >97.1



5B 5-May 15:00 15:50 <0.04 2.70 2.70 >98.5



6A 6-May 9:28 10:18 <0.04 4.58 4.58 >99.1



6B 6-May 10:27 11:17 <0.04 4.19 4.19 >99.0



7A 6-May 15:27 16:17 <0.04 3.35 3.35 >98.8



7B 6-May 16:26 17:16 <0.04 3.67 3.67 >98.9



8A 7-May 15:21 16:06 19.46 3.62 23.08 15.7



8B 7-May 16:13 17:03 11.80 3.12 14.91 20.9



9A 8-May 9:20 10:10 0.54 4.39 4.93 89.1



9B 8-May 10:17 11:07 0.34 4.22 4.56 92.5



10A 8-May 12:21 13:06 0.29 3.84 4.13 93.0



10B 8-May 13:16 14:06 0.29 4.01 4.30 93.2



11A 9-May 9:22 10:12 0.12 3.41 3.53 96.5



11B 9-May 10:21 11:11 0.18 3.04 3.21 94.5



12A 9-May 13:50 14:40 <0.08 3.57 3.57 >97.8



12B 9-May 14:49 15:39 0.18 4.09 4.27 95.8
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The MSC relative mercury speciation results (% Hg°) were also in excellent agreement with the OH results as shown in Table 2. The 12-run average unsigned mean difference in the % Hg° from the two methods was 4.2%. The largest oxidized mercury concentration was observed during Run 8 in which the dominating oxidized mercury concentration was changing rapidly. In addition, the OH and MSC were both stopped in the middle of the run due to the plant upset and the MSC runs covered only 100 of the 120 minutes of the OH run during which the mercury concentration was changing rapidly. Thus, the MSC clearly demonstrated its responsiveness to changing relative mercury speciation and demonstrated a high degree of accuracy in the relative species apportionment.


In addition to the stack tests, a series of runs were made comparing the MSC results to a direct injection of elemental mercury from a Spectra Gases mercury canister (Table 3, Figure 3).  The first two tests were conducted using a known concentration of 8 µg/dscm with MSC reported concentrations of 8.1 and 8.2 µg/dscm respectively. The MSC results are well within the Spectra Gases listed uncertainty of 20%. Following the initial tests, another series of three blind (unknown) tests were conducted by MRI with no CES personnel present. These blind tests used equivalent certified concentrations of 8, 19 and 19 µg/dscm respectively with the MSC results closely correlated at 8.4, 18.3, and 17.9 µg/dscm. The mean MSC recovery for the three blind tests was 98.4% with a standard deviation of 5.4% and a range from 94 to 105%. Again, the small percentage difference was well within the listed 20% uncertainty of the Spectra canisters. 


[image: image8.wmf]0



5



10



15



20



1



2



3



4



5



Run No.



Hg Conc 



(micrograms/dscm)



Injected Conc



MSC Results
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STD. Known 1-May 8.1 8.0



STD. Known 1-May 8.2 8.0
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A second series of 11 test runs were conducted using a pair of MSCs during phase 2 of the MRI tests (Table 4). Since the May tests had indicated good agreement with the standard method for the MSC, the July tests were limited to demonstration of the MSC precision relative to the typical OH test run.  According to the OH standard operating procedure, the OH has an 11% precision when concentrations are above 3 µg/dscm and a 34% precision when concentrations are less than 3 µg/dscm. Since only two MSC test runs during phase 2 were above 3 µg/dscm and all concentrations were below 3.3 µg/dscm, MSC precision could not be determined for high mercury concentrations. The MSC precision for the 8 runs below 3 µg/dscm ranged from 0 to 37% with an average of 24%, significantly better than the OH listed precision. It is believed that the MSC precision can be improved to about 5% with refinement.



Table 4. MSC Precision Tests During Phase 2 Testing
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Overall, the MSC had better precision than the standard OH method under low mercury conditions, was able to effectively speciate the mercury concentrations, measured the standard gases to within 6%, and had a relative accuracy of 12% compared to the OH method. However, since the MRI test site had limited opportunities to measure speciated mercury and rarely had mercury concentrations above 3 µg/dscm, further testing under a variety of stack conditions is recommended.


Xact TESTING


The Xact mercury monitor is designed to continuously measure total mercury concentrations and report data every 20 to 30 minutes with a detection limit of better than 0.1 µg/dscm (Figure 3).  The monitor extracts a representative gas sample and concentrates the mercury on a reactive filter. The filter deposit is then advanced to an x-ray fluorescence (XRF) analyzer which determines mass concentrations. Minimal stack gas pretreatment is required, which greatly simplifies the approach. Other advantages of the Xact include:



· Collection of total Hg including particulate, oxidized and elemental fractions


· Introduction of a fresh filter with each sample – no memory or blank bias


· Since XRF is non-destructive, filters can be archived



· Solid-phase Hg calibration minimizing use of expensive calibration gases


· Since XRF is non-destructive, results can be independently verified by another method


· Multi-element sensor allows for option of simultaneous monitoring for chromium, manganese, iron, cobalt, nickel copper, zinc, arsenic, selenium, bromine, and lead as well as mercury.



· Smoothly varying theoretically predictable sensitivities as a function of atomic number provides additional quality assurance.


Figure 3. Xact Mercury Monitor







Xact  Performance



During phase 2 testing, typical measured concentrations for both the Xact and the OH ranged from one to three micrograms per dry standard cubic meter (µg/dscm). Overall, the instrument’s relative accuracy (RA) compared to the OH was 25%, slightly higher than the 20% relative accuracy criteria set forth in the proposed performance specification (Table 5) and similar to the other CEMs tested by MRI which had RA ranging from 15 to 40%.


MRI used duplicate OH trains for all phase 2 testing. On average, the OH duplicate trains differed from each other by about 25% with three runs showing a difference of greater than 50%. According to the standard method, the OH precision is typically about 34% when the mercury concentrations are below 3 µg/dscm range so the MRI precision results were typical or slightly better than historical OH precision levels. The magnitude of this imprecision, however, is on the same order as the desired relative accuracy. Thus, a large uncertainty exists in determining the relative accuracy results. For example, the RA of the OH duplicate trains compared to each other was 22%. Any approach being compared to the OH could not expect to have a RA better than that of the OH trains relative to each other.


The Xact reported concentrations for 10 out of the 12 OH runs conducted during phase 2 tests. During run 1, the Xact experienced heater problems and developed a leak which was not repaired until the run had been completed. During run 7, the instrument was behaving appropriately prior to the run and following the run, but was turned off during the run. It is not known why the instrument was turned off; however, it was located centrally in a very crowded room and could have been accidentally turned off by a bystander.



Table 5. Reported Xact and Ontario-Hydro Results for Phase 2 Testing
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(µg/dscm) (µg/dscm) (µg/dscm) (µg/dscm)



1 7/24/2003 1010-1210 -- 1.44 1.32 1.38



2 7/24/2003 1420-1620 1.61 3.39 3.38 3.39



3 7/25/2003 0950-1150 2.07 2.27 2.38 2.33



4 7/25/2003 1425-1625 1.61 1.83 2.19 2.01



5 7/28/2003 1120-1320 1.27 1.53 1.26 1.40



6 7/28/2003 1525-1725 1.18 1.79 0.99 1.39



7 7/29/2003 0920-1120 -- 1.46 0.82 1.14



8 7/29/2003 1320-1520 1.69 1.56 1.24 1.40



9 7/30/2003 0915-1115 1.55 1.24 2.25 1.75



10 7/30/2003 1340-1540 1.51 1.17 1.63 1.40



11 7/31/2003 0915-1115 2.30 1.51 1.32 1.42



12 7/31/2003 1325-1525 1.72 1.25 1.20 1.23



1.65 1.70 1.67 1.68



Run Date Time



Avg.






In addition to the leak in run 1, the instrument experienced problems with heat tracing throughout the tests. The inlet tube immediately prior to the tape was heat traced but not thoroughly insulated due to its close proximity to the x-ray tube. The water content of the stack was higher than expected which led to periodic condensation in the tube with a resultant drop forming on the filter. Since the filter tape is hydrophilic, the droplet would result in temporary severe pressure drops and flow control issues. Although the droplets impact on pressure was severe, it is not certain that the condensation impacted the tape collection efficiency. However, the condensation on the walls could be a potential sink for oxidized mercury. For this reason, any future Xact design needs to include a more thorough heat tracing of the inlet tube.


Upon initial installation, a series of seven blind mercury standard gas tests were run with the Xact. The Xact reported concentrations were within one percent of the certified standard concentration. Following OH testing, the Xact was again injected with the calibration gas, but the Xact response was significantly lower than expected. It is believed that the Xact may have experienced some problems with the calibration gas due to a heat tracing problem. On occasion, the Xact also reported blank concentrations of up to one µg/dscm. The high blank values could not be duplicated when the instrument was returned to CES and are currently being investigated. 



Overall, the prototype Xact was able to effectively measure the mercury for 10 of the 12 runs with a relative accuracy of 25%, approaching that of the replicate OH sample trains relative to each other (22%). The delivered unit was able to accurately measure the calibration gas and overall reported results correlated within uncertainty limits of the OH results. It is recommended, however, that the Xact be refined to improve transport and temperature control. It is also recommended that further reference method testing be conducted at a source with higher mercury concentrations to better evaluate the Xact capabilities and potential accuracy.


CONCLUSION AND RECOMMENDATIONS



The MSC was able to effectively measure mercury concentrations with a relative accuracy of 12% compared to EPA’s standard reference method. The MSC precision was better than the OH for the low concentrations present in the stack and the MSC was able to consistently determine concentrations to within 10% of the gas canister standards. Although only one OH run was present with significant oxidized mercury concentrations, the MSC and OH percentages of oxidized mercury were in good agreement for that run. Overall, the MSC appears to be able to give comparable results to the OH at a fraction of the cost and effort.


The Xact mercury CEM had a relative accuracy of 25% in comparison to the OH method. Since the OH method’s precision for the test was also on the order of 25%, the Xact RA uncertainty is limited by the uncertainty in the OH method. The Xact was able to accurately measure the Spectra gas standard upon initial installation and was able to track changes in total mercury concentrations relative to the OH method throughout the test.


1) The MSC total mercury relative accuracy was 12%, substantially less than the 20% required for equivalency.



2) The MSC fractional mercury speciation was in excellent agreement with OH results showing an average of only 4% difference for all 12 OH runs.



3) The MSC relative precision was 30% better than the precision listed in the OH method for measurements less than 3 µg/dscm.



4) The Xact total mercury relative accuracy was 25%, which was essentially the same as the 22% RA between duplicate OH test runs.



This first Xact unit did develop cold spots which caused occasional water condensation and inconsistent results. This problem is being mitigated with more uniform heating.



One of the largest problems for all candidate methods was the limited accuracy and precision of the EPA standard method at low mercury concentrations. Concentrations for all but one OH run were below 3 µg/dscm. The OH has a listed precision of 34% under these low concentrations (ASTM, 1999) limiting its ability to evaluate the relative accuracy of the mercury CEMs. In addition, mercury was almost exclusively in the elemental form for all but one run.  Since many CEM approaches are severely impacted by oxidized mercury, the tests have limited applicability for CFPP which have significant concentrations of oxidized mercury. 


Although the MSC and Xact performed well during the MRI tests, it is recommended that they be retested at a site that will provide high enough concentrations for precise OH measurements. It is further recommended that:


· The MSC be reengineered for use in higher temperature stacks.



· The MSC undergo testing at a stack with significant quantities of both elemental and oxidized mercury.



· The MSC undergo testing at a stack with mercury concentrations greater than 3 µg/dscm.



· The Xact inlet should be reengineered for improved heat tracing and transport.



· The Xact should undergo testing at a stack with significant quantities of both elemental and oxidized mercury.
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XCEM QA APPLIED TO EVALUATION OF XCEM/M29 MERCURY CONCENTRATION DIFFERENCES MEASURED DURING RELATIVE ACCURACY TESTS



1. INTRODUCTION



Mercury represents a distinctly different hazardous element from the others included in this test in that it is more likely to exist in the vapor phase and has been shown to exhibit distinctly different transport properties.  These properties appear to have contributed to differences in the mercury concentrations measured by the different methods compared in this test. This appendix discusses the details associated with both the adjustments that were made to the XCEM calibration factors and losses of mercury from particulate deposits after sample collection.



The XCEM mercury results were, on average, 18% greater than the predicted concentration, 27% greater than the M29 results, 37% greater than the laboratory XRF measurements of the XCEM deposit spots, and 45% greater than the CVAA measurements on the XCEM deposit spots.  Subsequent investigations of these differences strongly suggest that the XCEM results are the best estimate of the actual mercury concentrations in the stack.  It is hypothesized that the large differences between the XCEM mercury results and the results from the other methods is due to the loss of mercury from the filter deposits after the M29 and XCEM samples were collected and after the XCEM original measurements were made.  This hypothesis is described in more detail in the following subsection.  The experimental measurements are described in Subsection C and the results are summarized and discussed in Subsection D.  The hypothesized model is then evaluated relative to the available data in Subsection E.



A model has been developed to explain the apparent high XCEM mercury concentrations relative to M29.  In this model, mercury is lost from the particulate fraction of the M29 and XCEM filters after the initial XCEM measurements were made.  That is, a substantial fraction of mercury was associated with the particulate fraction, and the mercury in this particulate was unstable.  Since all of the other analytical methods relied on aged samples, the mercury concentration results were low due to vaporization of particulate mercury prior to laboratory analysis.  As discussed in the following subsection, a substantial amount of experimental data is available, all of which is supportive of this hypothesized model.  Most of this experimental data was developed only because of the unique characteristics of the XCEM and the fact that the XCEM elemental measurement is nondestructive and the spectra from each of the original measurements were archived.


2. AA



a. Experimental 


The initial XCEM measurements were based on the analysis of filter deposits, which were a combination of both absorbed vapor phase mercury species and surface deposits of particulate mercury species.  Each deposit was analyzed using three different X-ray excitation conditions, resulting in spectra that were used to determine concentration.  All spectra were archived in the XCEM computer.  As such, the deposit was available for further analysis and testing, and the original spectra was available for comparison with subsequently developed spectra.



Following the validation testing at TEAD, several tests were conducted by CES to better understand the mercury concentration differences between M29 and the XCEM.



· All of the XCEM deposit spots corresponding to all of the M29 runs were reanalyzed by CES’s laboratory QuanX XRF analyzer six weeks after the initial validation test.  In addition, ten XCEM filter deposit spots were analyzed over a period of two months to evaluate mercury stability.  Spectra from these tests were compared to archived spectra from the original validation test.


· The XCEM deposit spots corresponding to M29 Runs 5 and 6 were analyzed first by laboratory XRF and then by cold vapor atomic absorption by an independent laboratory (Columbia Analytical Services).


· The elemental concentrations in the MSE-TA spiking solutions corresponding to M29 Runs 5 and 6 were analytically determined by HKM labs in Butte, MT.  



3. AAA



a. Results and Discussion



The mercury results for the original validation test are summarized in Table C1.  There is a clear bias of about 26% between the XCEM results and the M29 results.  Normally, the M29 results would be accepted as the best estimate of stack mercury concentration and it would be assumed that the candidate method (XCEM) was in error.  However, because of the total quality assurance associated with the XCEM and the fact that the XRF analysis is non-destructive, it is possible to conduct further analyses to evaluate the potential cause of this difference.  Additionally, the laboratory analysis results for each component of the M29 sampling trains (i.e. probe, filter, and back half) were determined separately, and are available for interpretation.  



Table C.1 Mercury Reported Concentrations During Year 2002 Method 29 Validation Testing.
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i. Loss of Mercury From the XCEM Filter


a. Laboratory XRF Measurements (QN)



Two months after the validation testing, CES’s laboratory QuanX XRF analyzer reanalyzed the original XCEM deposit samples with good replication for all elements except mercury (see Table 5 in main body of text).



A series of ten spots on the XCEM filter tape were reanalyzed between on 6/21/02 and 7/11/02.  The spots, which represent 10 XCEM runs, showed a consistent mercury loss of about 30% over the three-week period.  Other sources of error such as shifts in geometry or instrument instability were eliminated as possible systematic sources of error by noting that the other elements were replicated within experimental error to a few percent.



b. XCEM Measurements (XCEM)



To confirm this loss of mercury, five XCEM deposit spots were re-analyzed by the TEAD XCEM, which was still operating with the same conditions and calibration factors as used during the M29 tests about two months earlier.  The X-ray spectra from the original analysis of XCEM Run Numbers 939 to 943 (M29 Run Number 4) are compared in Figure C1.  This comparison clearly shows that there is good agreement for the two closest analyte peaks for zinc and lead, but a substantial reduction in the peak intensity for the mercury L-alpha analyte line.  A comparison of the XCEM mercury concentrations measured during the M29 testing (5-14-02) with those measured with the XCEM on 7-25-02 indicate a 31.4 ± 0.4 µg/m3 reduction in measured concentration.  Although this reduction might be associated with possible systematic errors such as sample positioning, this possible source of error was eliminated by comparing other elements such as zinc and lead as well as the ratio of mercury to these elements.  The reduction in mercury to zinc ratio, for example, was 29.1%, which is in good agreement with the mercury-measured reduction.



Clearly, mercury was lost from the XCEM deposit after the sample was collected and analyzed by the XCEM.  As discussed in the following subsection, the available data strongly suggests that a substantial portion of the M29 mercury was also lost from the M29 PM filter deposits prior to analysis.



Figure C.1 Comparison of XCEM X-Ray Spectra Measured During Method 29 Testing and Seventy-One Days Later.
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ii. Instability of M29 Mercury PM Deposit Highly Likely



Although there is no direct evidence of the loss of mercury from the M29 samples, there is ample indirect evidence that a similar loss to that of the XCEM deposit would be expected.  This indirect evidence is discussed in the following three subsections.



c. Train Location of Mercury Deposits



The recovery and analysis of the M29 probe, filter, nitric acid impingers, sulfuric acid impingers and the hydrochloric acid rinse were kept separate for both the May 2001 and May 2002 M29 tests.  The results are summarized and compared in Table C2.  It is interesting to note that during the 2001 testing, only about 1% of the mercury was deposited on the quartz fiber filter.  This is typical of most stack measurements of mercury, and as such there is little concern for the stability of the PM deposited on the filter.  However, this is not the case for the 2002 mercury measurements.  During these latter tests, 18% of the mercury was deposited on the filter during runs 1 through 5 with no lead in the mercury-nickel-zinc spiking solution.  After adding lead to the spiking solution, the percent of mercury depositing on the filter increased to 29% for the remaining M29 runs.  



Table C2. Comparison of the Location in M29 Sampling Trains Where the Mercury Was Deposited During the 2001 and 2002 Tests.
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It is interesting to note that during the 2001 M29 tests, the reported M29 mercury concentrations were 12% greater than the predicted concentrations; similar to the 18% (12% with corrected solution concentrations) measured this year with the XCEM.  On the other hand, the 2002 M29 results are 6% less than the predicted concentrations rather than 12% greater like last year.



These results are certainly consistent with the hypothesis that M29 mercury results are low because there was a loss of mercury from the M29 quartz fiber filter between the time it was collected on the filter and the time it was analyzed.  It is also consistent with the fact that many of the mercury compounds and amalgams of mercury are relatively unstable and have relatively high vapor pressures.  Thus, it should not be surprising that if there is a substantial portion of the mercury on the filter as there was during the 2002 tests, there might be a potential for significant loss due to volatilization.  It also needs to be noted that the filters were not stored in a controlled environment from the time they were collected until they were delivered to the analytical laboratory several days later.  During this time, they may have been exposed to relatively high ambient temperatures while being transported through the western desert from Tooele, UT to California in the back of a closed panel truck.



d. Correlation with Percent Mercury on M29 Filter



The percent difference between the M29 mercury results and the XCEM results is significantly correlated with the percent mercury on the M29 filters as is illustrated in Figure C2.  That is, the percent difference between the two methods (percent loss from the M29 filter) is dependent on the fraction of the total mercury measured in the M29 train that is on the filter.  This observation is consistent with the proposed hypothesis for the difference between the various methods, that is loss of mercury from the M29 filter.   



Figure C2. Percent Difference Between M29 and the XCEM vs. Percent of Mercury on the M29 Filter
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ii. Precision



The difference in the mercury concentrations was not likely due to imprecision in either of the two measurements.  Mercury was one of two elements spiked by MSE-TA which were clearly not present in the background stack emissions.  Thus, the variability in the mercury concentration was due primarily to variability in the spiking and stack flow rates.  The mercury precision as measured by the XCEM was 3.8% and 6.1% for M29, which includes the variability in the above two parameters as well as the measurement method variability.



iii. Mercury to Nickel Ratio



Nickel was another element that clearly was not present in the background, and it was in the same spiking solution as the mercury.  Thus, the ratio of mercury should not vary significantly since the concentrations for these two elements was kept constant for these latest tests.  The XCEM measured mercury to nickel ratio was 1.37 ± 0.015 (1.1% relative) and close to both the M29 ratio, 1.41 ± 0.116 (8.3 % relative), and the predicted concentration ratio based on the measured solution concentration ratio of 1.33.  It is interesting to note that the XCEM precision is significantly better than the M29 ratio precision, both of which should be relatively independent of factors other than the individual method.  


iv. Low Columbia Analytical Services Results



The XCEM deposit samples submitted to Columbia Analytical Services for CVAA analysis were extracted 41 days after they were analyzed by CES.  Based on an assumed linear loss rate, the expected mercury concentrations at the time of extraction would be about 10% lower than measured by the CES XRF analyzer.  The observed difference was 14%.



4. OTHER POSSIBLE EXPLANATIONS



OTHER FACTORS THAT COULD CONTRIBUTE TO DIFFERENCES IN XCEM AND M29 MERCURY MEASUREMENTS



1. XCEM MEASUREMENTS



a. Systematic Errors



i. Impacting All Elements



1. Volume 



a. Meter: Could contribute either a positive or negative artifact.  Three NIST traceable meter/regulator compared well during test.  Estimated uncertainty is 3% of the reported flow rate.



b. Volume Adjustment: The calculated volume was adjusted by a factor of 1.025 (increased by 2.5%) to compensate for incomplete drying of the air, which was determined in CES’s laboratory prior to shipping the XCEM.  The uncertainty in this adjustment factor is estimated an ±0.020.  Because of the actual conditions during the testing at the Army incinerator, it is thought that this adjustment is possibly too large for the actual incinerator conditions.  Thus, it is possible that the recorded concentrations reported by the XCEM were high by 1 to 2% due to this adjustment factor.



c. Leak: This source of error would contribute a negative artifact to the XCEM results.  The XCEM results were greater than the M29 results.  As such, this source of error could not explain the observed difference.  In addition, the pressure drop across the filter is monitored during the testing and recorded in the system.  No alarms were noted and none were indicated upon review of the data.  This source of possible error is expected to contribute well less than 1% to the uncertainty in the flow measurement.       



2. Thin Film to Spot Calibration Factor



3. Deposit Positioning (XYZ)



a. Direction of tape flow (X): The accuracy of tape movement in this direction is ±0.025 mm.  The XRF beam intensity is insensitive to deposit spot position in this direction to ± 1mm.  The uncertainty in concentration due to positioning error in this direction is expected to be substantially less than 1%.  This error would bias the results low because it would tend to place the deposit at a non-optimal position.



b. Perpendicular to tape flow direction and in the same plain (Y): The large axis of the X-ray beam is aligned in this direction.  As such, the XCEM is less sensitive to deposit positioning in this direction.  The alignment of the sampling plunger and the analysis beam spot are accurate to ±0.050 mm.  The XRF beam intensity is insensitive to deposit spot position in the Y direction to ±1.5 mm.  Misalignment of the tape has no impact on the intensity as long as the spot is on the tape.  Thus, error in the alignment of the deposit and analysis position in this direction is expected to be insignificant; i.e., substantially less than 1%.  This error would bias the results low because it would tend to place the deposit at a non-optimal position.



c. Height of tape above tube and detector (Z): Differences between the tape deposit and calibration standards position in the Z direction can contribute systematic error to all of the elements.  It is not subject to error in the X and Y directions because the standards are larger than the analysis spot.  The XCEM has been designed to position the tape deposit in the middle of the XRF analysis plain.  In this position, the beam is relative insensitive to position in the Z direction at the ±0.1 mm range.  The error due to differences in position of the tape deposits and the standards has been empirically determined to be less than 0.5% at the 95% confidence level.  In this case, the results could be biased either high or low.



d. Shape of deposit: Misalignment of the XCEM plunger and the supporting button can cause deviations from a circular deposit.  In general, the XRF intensity is insensitive to deposit geometry so long as the spot is smaller than the beam diameter.  However, because there are small variations in sensitivity within the beam area, error can be introduced due to variations in deposit geometry.  It has been empirically determined that there is less than a 3% difference in sensitivity for a deposit the size of the XCEM deposit, 6 mm diameter, and a 3 mm diameter spot (one fourth the area).  From observation of the small deviations of spot geometry for actual deposits during these tests, it is estimated that this source would contribute no more than about 1% uncertainty to the reported XCEM results.  These deviations, however, would be such that it would bias the XCEM results high.



ii. Impacting One or More Elements



1. Transport



a. Hg



b. PM



c. Hg/Ni



2. Calibration Errors



a. Uncertainty in Standard Concentration



i. Stated Concentrations



ii. Sensitivity Curves



3. Spectral Analysis



a. Energy calibration



4. Analyte Line Interferences



a. Zn and Pb on Hg



b. Ba on Cr



c. Pb on As



5. Background/Blank Interferences



a. Cr



6. aa



b. Random Errors



i. Impacting All elements



1. Tape positioning



2. Tape Efficiency



ii. Impacting One of More Elements



1. Contamination



2. Counting Statistics



3. Signal to Noise



c. Quality Assurance and Control Measures During Tests



i. XCEM Stability: The stability of the XRF component of the XCEM was monitored with each analysis, using Pd peak intensity from a Pd rod permanently positioned in the X-ray beam.  This intensity varied from 95% to 105% of the mean during the M29 tests compared.  Counting statistics was responsible for most of this variability, and no drift trends were apparent.    



ii. Daily Zero and Span Checks: The XCEM has the capability for automated zero and span checks.  These were not conducted during this series of tests.  Instead, measurements of NIST and Army standards were made at the beginning and end of each day of testing.  



iii. NIST and Army Standard Measurements



1. NIST standards (SRM 1832 and 1833) were analyzed daily during the tests.  They were usually run before and after each days runs.  Recovery for Ti, V, Mn, Fe, Cu, Zn, and Pb were 100±2% of the NIST value.  Thin film NIST standards for Cr, Ni, As, Cd, Sn, Sb, Ba and Hg are not available.  Hg was calibrated using its relationship to Pb and other L-line standards, and its stability was checked using a HgAg standard, which gave replicate analysis results to within ±3%. 



2. The other non-NIST standard elements were checked with Army secondary standards calibrated at CES laboratories.  Repeated measurements with these standards yielded recoveries of 100±3%.



iv. Energy Calibration: The XRF analyzer component of the XCEM was calibrated each morning to minimize impacts of small drifts in peak position.  Errors associated with peak drift would be exhibited in standard replication, which was typically less than ±3%. 



d. Summary of Potential XCEM Errors



e. Aa



2. METHOD 29 MEASUREMENTS



a. M29 Train Replication



b. Velocity



c. Loss 



d. Contamination



e. Laboratory Analysis



f. Recovery Efficiency



3. AAA



5. CONCLUSION



The weight of evidence clearly indicates that the XCEM mercury deposit was unstable as well as the M29 PM deposit on the quartz fiber filter.  This instability was most likely the cause of the difference between the mercury measured by these two methods and the other methods.  It is highly likely that if these losses had not occurred, the XCEM would have passed the PS10 relative accuracy tests.



It is recommended that in future M29 testing, the filters be immediately sealed and cooled to at least 0°C, stored at below freezing temperatures and digested as soon as possible after sampling. 
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EXECUTIVE SUMMARY



Cooper Environmental Services (CES) has developed an on-line multi-metal X-ray based Continuous Emission Monitor (XCEM) capable of simultaneously measuring 19 elements in stack gas emissions every 20 minutes.  The U.S. Army purchased an XCEM for monitoring emissions at its demunitions incinerator APE-1236 on the Tooele Army Depot (TEAD).  In order to validate the XCEM, a series of 12 comparison tests with EPA’s Method 29 (M29) were conducted while the stack was being spiked by MSE-TA of Butte, MT.  Results were compared to criteria found in EPA’s proposed performance specification 10 for multi-metal continuous emission monitors (PS10).



During the testing, the XCEM had an “uptime” of better than 98%, met all quality assurance parameters, and had a precision that was better than M29.  The XCEM also showed good correlation with Method 29 for elements that had significant variability in concentration during testing (Table ES1).


APE-1236 emissions have the potential to approach state-mandated emission limits for three elements: Pb, Cd, and Cr.  The XCEM met the PS10 20% relative accuracy criteria for all three of these elements with RA’s of 4%, 17%, and 15% respectively.  XCEM data was also compared to M29 data for five elements that are typically found in concentrations well below the site emission limits: As, Hg, Sb, Ni, and Ba.  A final non-regulated element, Zn, was also spiked by MSE-TA and examined during validation testing.  The XCEM met the RA criteria for two of the non-limiting elements Ba (4%) and Sb (20%), but was uniformly high relative to M29 for As, Ni, Zn, and Hg.



An error analysis was conducted to determine the source of the difference between M29 and the XCEM.  Calibration errors and spectral interferences were checked by reevaluating the XCEM filter with CES’s QuanX and submitting filter samples to an independent laboratory for analysis.  The results indicate that, for As, Ni, and Zn, the XCEM calibration was not the primary source of error.  Aside from calibration and spectral errors, other potential sources of error for the XCEM include loss during transport, low filter trapping efficiency, deposit positioning errors, and incorrect flow measurements. Each of these error sources is highly unlikely.  The first three sources of error would only result in XCEM concentrations lower than M29. An incorrect flow measurement would have resulted in all metals being uniformly high or low since one XCEM flow measurement is applied to all of the metals for each run. For this reason, the differences in concentration for As, Ni, and Zn appear to be due to M29 analytical errors.



An analysis of Hg on the XCEM filter determined that particulate phase Hg was being vaporized over time.  A comparison of XCEM spectra generated during the test with reanalysis six weeks later showed a loss of 30% of the Hg from the XCEM filter.  M29 particulate concentrations on the M29 filters were 15 to 30 times higher than typical and were highly correlated with differences between the XCEM and M29.  The filters, which were not cooled while being shipped to the M29 laboratory, could have lost the Hg prior to analysis.



Following the conclusion of the M29 tests, the XCEM was used in a series of diagnostic tests to evaluate air pollution control technology installed at APE-1236.  Using the XCEM, TEAD personnel developed baseline data for lead and zinc during incineration of various munitions.  Next, a bypass duct was blocked with a metal plate resulting in a greater than 90% drop in metal concentrations.  Using this data, TEAD was better able to understand sources of Pb in the emissions.



Currently, the XCEM is being moved to a newly developed test furnace at TEAD.  The furnace, operated by the Ammunition Equipment Division, anticipates using the instrument to rapidly determine effects of changes in munitions or control strategies.



The continued use of the XCEM to diagnose and assist with process control indicates the value of having an installed continuous emission monitor for multi-metals at TEAD. CES recommends the adoption of the XCEM as a validated monitor for incinerators such as APE-1236.  Recent advances in XRF technology have allowed for a miniaturized version of the XCEM with better detection limits than the current system.  CES also recommends that this technology be incorporated into a mobile version of the XCEM for the army’s stack testing organization (CHPPM) and an extension of the technology to a mercury-dedicated XCEM.



Table ES1. Relative Accuracy and Correlation



			Elem.


			Avg. M29 Conc. (µg/m³)


			Avg. XC Conc. (µg/m³)


			Avg. Pred. Conc. (µg/m³)


			Concentrations potentially approach site limit. 


			RA %


			Corr. Coeff. (Runs 3-13)


			Notes





			Pb


			101


			101


			107


			Yes


			4


			0.98


			Met PS10 RA criteria.





			Cd


			42.0


			31.5


			36.4


			Yes


			17


			NA


			Met PS10 RA criteria.





			Cr


			4.9


			5.4


			4.7


			Yes


			15


			0.64


			Met PS10 RA criteria.





			As


			11.1


			13.8


			15.2


			No


			27


			0.85


			XCEM uniformly higher than M29 by 24%.





			Hg


			305


			385


			326


			No


			33


			NA


			Met criteria for runs 1-5. XCEM higher for runs 6-12. Difference likely due to loss from M29 filter.





			Sb


			164


			192


			194


			No


			20


			NA


			Met PS10 RA criteria.





			Ni


			218


			281


			268


			No


			33


			NA


			XCEM uniformly higher than M29 by 30%.





			Ba


			216


			216


			226


			No


			4


			NA


			Met PS10 RA criteria.





			Zn


			202


			290


			288


			NR


			43


			NA


			XCEM uniformly higher than M29 by 42%.








NR: Not regulated



NA: Correlation coefficient not available since element was only spiked at one level.
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1.0 INTRODUCTION



Cooper Environmental Services (CES) has developed an X-ray based multi-metals Continuous Emissions Monitor (XCEM) capable of providing near real-time data for up to 19 elements found in smoke stack emissions. During the spring of 2001, the XCEM was installed at the Tooele Army Depot (TEAD) munitions incinerator.   Following installation, a series of comparison tests to EPA’s Method 29 (M29) were conducted with the XCEM during May 2001 (Bryson, 2001, Johnsen, 2001).  Although no final performance specifications exist for multi-metal CEMs, the results of these tests were compared to EPA’s draft Performance Specification 10 (PS10).  The XCEM met the precision, quality assurance, response time, and response to change in concentration criteria of PS10, but only met relative accuracy criteria for three elements (chromium, cadmium, and nickel).  An evaluation of the test parameters indicated that changes to the transport line, improvements in calibration, and testing of the XCEM vs. stack spiking would improve the XCEM relative accuracy.



During the spring of 2002, improvements were made to the XCEM transport line and a second series of preliminary tests were conducted to better understand calibration and stack spiking efficiency.  Finally, in May 2002 a series of Method 29 tests were conducted to evaluate the measurement capabilities of the upgraded XCEM.  This report discusses the XCEM results relative to the Method 29 testing. A second companion report (Johnsen, 2002) discusses the results of the transport line changes and preliminary tests prior to Method 29.  



2.0 RESULTS



2.1 METHOD 29 CONCENTRATIONS



Method 29 (M29) tests were conducted using duplicate sample trains located at the same stack height as the XCEM probe.  In general, the two trains were in good agreement (Pattison, 2002a).  More than 90% of the paired M29 concentrations were within 10% of each other. Of the eleven reported concentrations that were not within 10%, nine were measurements of Sn.  Since M29 has not been approved for Sn (EPA, 1992), CHPPM determined that the M29 Sn values were not valid.  



Overall, train A was higher than train B by about 3% with about 78% of the concentrations in train A being higher than their train B counterpart.  An average of trains A and B was used for comparison to the XCEM reported concentrations.



M29 data used for comparison to the XCEM is the same as reported in the M29 report (Pattison, 2002a) with the exception of a one to three percent correction compensating for the laboratory’s inadvertent subtraction of an estimated blank concentration when the blank concentrations were below the method reporting limit (Severen-Trent, 2002).



Table 1. Method 29 Concentrations (µg/DSCM)
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2.2 PREDICTED STACK GAS CONCENTRATIONS



Predicted stack gas concentrations were determined by adding the MSE-TA calculated spiked concentrations with background concentrations based on XCEM measurements when munitions were being burned but no spiking was occurring. The background was essentially zero for five elements: Cr, As, Hg, Sb, and Ni.  For Cd, Ba, and Zn, the background correction was small relative to the MSE-TA spiked concentration -- 17%, 15%, and 8% respectively. However, for Pb, the background accounted for 100% of the Pb in runs 1-5 and 35% of the Pb in runs 6 through 12.



2.2.1 
MSE-TA Spike Injection



During M29 testing, MSE-TA spiked known masses of Pb, Cd, Cr, As, Hg, Sb, Ni, Ba, and Zn into the stack (Bryson, 2002).  These spiked masses were divided by the stack flow to obtain concentrations in micrograms per dry standard cubic meter (µg/DSCM).  MSE-TA mass concentrations in solution were cross-checked by submitting aliquots from M29 runs 5 and 6 to an independent laboratory for analysis (HKM labs, Butte, MT).  HKM’s results were within 7% of MSE-TA’s estimates for all elements except As which was 23% lower according to HKM labs than reported by MSE-TA.  Because of the limited HKM data, no adjustments were made to MSE-TA reported data.  The potential impact of the As difference is discussed in Section 3.0 and in a report by Cooper et. al. (Cooper, 2002).



Measurements of stack flow by CHPPM were crosschecked with the stack continuous velocity monitor for accuracy and were found to be within 6% of each other (Table 2).  The CHPPM flows were determined using a velocity traverse at the same stack height as the XCEM probe and are believed to be more representative of true flows than the continuous velocity monitor (Pattison, 2002b). For this reason, the CHPPM flows were used to calculate the predicted concentrations.


Table 2. APE-1236 Stack Flow Rates During M29 Testing
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Background Metal Concentration



TEAD incinerated 20 mm TPM55A2 bullets during all twelve M29 runs.  This ammo, which is used for target training, does not contain significant quantities of hazardous elements. However, measurable residual concentrations of Pb, Cd, Ba, Zn, and Sn were found in the stack gas from earlier incineration of other munitions.  Table 3 shows XCEM results for elements measured on May 13th and May 15th while the 20 mm bullets were being burned and MSE-TA was not spiking into the stack.  The May 13th metal concentrations were significantly higher than the May15th concentrations. This is consistent with incineration of relatively clean munitions scouring the stack.  Background concentrations for Cr, As, Hg, Ni, and Sb were below XCEM detection limits and were reported as 0 µg/DSCM.



Table 3. APE1236 Stack Concentrations With Munitions Incineration But No Spiking (µg/DSCM)
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2.2.2 

Use of Sn as a Surrogate for Background Metals



Figure 1 shows the relationship between Pb, Ba, Zn, and Sn when spiking was not occurring.  The correlations indicate that Pb, Ba, Zn and Sn background concentrations stem from the same source.  Since Sn was not spiked by MSE-TA, its concentration was used as an indicator of the background during spiking periods.  The background contribution of the other elements was estimated by their relationship to Sn according to the equations in Figure 1.  Figure 2 shows the XCEM measurements of Sn during M29 testing.  A surge in Sn concentrations is observed each morning after the bypass damper is opened.  The surge is followed by a gradual decrease in Sn concentrations throughout the day. Although Cd was not found in high enough concentrations to certify its relationship with Sn, it was assumed to behave in the same manner as the other metals.  



Combining the MSE-TA spike injection estimates with the estimated background concentrations resulted in predicted concentrations as shown in Table 3.  



Figure 1. Correlation Between Sn and Other APE1236 Metals With Munitions Burning and No Spiking
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Figure 2. XCEM Tin Measurements During M29 Testing
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XCEM CONCENTRATION DETERMINATION



XCEM concentrations were determined every 20 minutes for Pb, Cd, Cr, As, Ni, Hg, Ba, Sb, Zn, and Sn (Table 5). A Pd rod is permanently mounted in the XRF detection area and is measured with every sample.  The consistency of the Pd concentrations provides quality assurance of the instruments stability During M29 testing, the XCEM successfully carried out 120 runs with only two runs falling outside of the Pd quality assurance criteria due to air conditioning problems. This represents an uptime of 98%. 



Table 4. Predicted Stack Concentrations Based on MSE-TA Spiking and Background Estimates (µg/DSCM)
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The XCEM data was then averaged for each M29 run using equation 1:
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Equation 1




where:



Ci
=
XCEM time-weighted concentration for element i during M29 test run                            



     Cij

=
XCEM reported concentration for element i during time interval j



n

=
Number of XCEM measurements during test run



tj
=
Number of minutes XCEM measured element i’s concentration                



during time interval j coinciding with M29 sampling.
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All XCEM data used for comparisons to M29 were the same as reported during M29 testing with the following four exceptions:



1. During M29 run 1, an evaluation of the calibration factors was undertaken.  During this time, it was observed that Sb, Ba, and Hg calibration factors were too high relative to the calibration standards by 15%, 15%, and 7% respectively.  The calibration factors were changed prior to run 2 (Appendix C).



2. Hg calibration factors were determined to be high relative to the calibration curve by 4% and were changed following the M29 test (see Appendix C for a complete discussion of Hg calibration).



3. During run 961, an unusually high Cr number (18 µg/DSCM – more than 6 SD from the average during normal spiking conditions) was observed.  The spectra showed Fe, Cr, and Ni in the same ratio as stainless steel and a speck was noted on the filter tape, which was believed to be from contamination that was not representative of the stack gas. For this reason, run 961 for Cr was not used during the averaging to compare to M29.



4. The XCEM shed’s air conditioning failed on May 16.  As such, the Pd QA concentration did not meet the 90-110% criteria for XCEM runs 1021 and 1022, which represented 23 minutes of M29 run 12.  Consequently, XCEM concentrations for run 12 were based on a time-weighted average of the 97 minutes that the XCEM produced validated data.



The modified XCEM data was submitted prior to receiving M29 results.  No modification to the XCEM data was made after receiving M29 results.



2.3 XCEM CALIBRATION EVALUATION USING A QUANX – XRF AND ICP



Since XRF analysis is nondestructive, the concentrated particulate matter on the filter can be reanalyzed at a later date.  In order to evaluate the XCEM calibration, CES reanalyzed each spot using a QuanX XRF analyzer located at CES.  The CES QuanX analyzer is one of four in the nation that has been approved for measuring PM2.5 metals concentrations for EPA’s speciation program.  Consequently, the analyzer has undergone a series of round robin tests with other labs as well as rigorous quality control checks.  The QuanX analysis was conducted approximately six weeks after M29 testing. With the exception of Hg, which appeared to be lost from the XCEM filter, the material collected on the filter seemed to be intact and representative of the sample collected at TEAD.  The QuanX calibration evaluation data is shown in Table 5.



Following the reanalysis, filter spots that correlated with M29 runs 5 and 6 were combined and submitted to Columbia Analytical of Vancouver, WA for analysis using ICP/MS (Table 6).



Table 6. Analysis of XCEM Filter Tape By Columbia Analytical (µg/DSCM)
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2.4 PRECISION



Five elements were spiked by MSE-TA at a constant rate throughout the testing: Ba, Hg, Ni, Sb, and Zn.  Although Ba and Zn had background concentrations of about 10%, their limited variability during testing affected the predicted concentrations precision by only a few percent. Overall, these elements were spiked with a precision of better than five percent (Table 7).



Both the XCEM and M29 show good precision for these elements with the XCEM precision about 30% lower than M29.



Table 7. Predicted, XCEM and Method 29 Precision During Validation Testing1
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1) Determined by percent RSD of 12 concentrations reported for M29 runs.



3.0 DISCUSSION



3.1 REGULATED ELEMENTS TYPICALLY FOUND IN THE FEEDSTREAM



Although APE-1236 is regulated for nine elements, only three elements, Pb, Cd, and Cr, are found in high enough quantities in stack emissions to potentially limit incineration feed rates (Table 8).  The XCEM successfully measured all three of the key elements and met the 20% relative accuracy requirements in proposed PS-10 with relative accuracies of 4%, 17%, and 15% respectively.



Table 8. TEAD Emission Limits 
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3.1.1 LEAD



Lead is the element which most often limits incineration rates at APE-1236. The TEAD incinerator has a state-mandated Pb stack emission limitation of 4.3 g/hr.  At typical stack flow rates, this equates to about 900 µg/DSCM.  EPA’s Hazardous Waste Combustor Maximum Achievable Control Technology (MACT) rules, which are scheduled for implementation within two years, will further limit the combined Pb and Cd emission rate to 240 µg/DSCM. 



Currently, Pb concentrations within the munitions are determined for each type of ordnance prior to incineration.  Munition feed rates into the incinerator are restricted using a model which assumes that a fraction of the lead in the munitions will be transported through the air pollution control devices and emitted from the stack.  The effectiveness of the model is dependent upon several assumptions including transport under various meteorological regimes, incinerator temperature effects, and chemical interactions.  Direct measurement of Pb concentrations in the stack gas allows for improved understanding of the relationship between munitions incineration and stack emission rates as well as an enhanced mechanism for regulating feed rates.



Table 9 shows the Pb results for the MSE/background predicted concentrations (PRD), M29, XCEM, the post-test analysis of the XCEM spots using the CES QuanX (QN), and the ICP/MS analysis of the XCEM filter tape by Columbia Analytical (CA).  In general, the results are in very good agreement with the PRD, M29, XCEM, and QN concentrations agreeing to within seven percent. The XCEM and M29 Pb concentrations are also highly correlated with an r² of 0.98 (Figure 3).  



Lead in the first five M29 runs was exclusively from residual concentrations in the TEAD incinerator.  Following run five, MSE-TA began spiking an additional 105 µg/DSCM of Pb.  During testing both M29 and the XCEM reported concentrations ranging from 25 to 150 µg/DSCM. The relative accuracy for the XCEM was 4.4%.  This good agreement between the XCEM and M29 demonstrates the capability of the XCEM to accurately measure Pb at the incinerator under a wide range of concentrations.



Table 9. Summary of Lead Concentration Data During M29 Testing (µg/DSCM)
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Figure 3. XCEM vs. M29 Lead for Validation Tests
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3.1.2 CADMIUM



The APE-1236 state-mandated emission limit for Cd is about 60 µg/DSCM under typical stack flow rates.  Cadmium stack concentrations, which are derived from incineration of shell casings, can occasionally approach this limit. For this test, approximately 80% of the stack’s Cd was from MSE-TA while 20% was estimated to be background.  Table 10 shows the M29 and XCEM results for Cd during the validation tests.



Overall, the XCEM and M29 were in good agreement for Cd.  On average, the XCEM was about 14% higher than M29 with a relative accuracy of 17%.  The reanalysis of the XCEM filter tape yielded mixed results with the QuanX XRF within 3% of M29 and the Columbia Analytical concentrations within 4% of the XCEM.  The inconsistency between the XCEM and CES-QuanX results suggests that an XCEM calibration error may have been responsible for the difference between M29 and the XCEM.



Table 10. Summary of Cadmium Concentration Data During M29 Testing (µg/DSCM)
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3.1.3 CHROMIUM



APE-1236  has an effective Cr emission limit of less than 10 µg/DSCM under typical stack operating conditions.  Since the background Cr concentrations were uncertain at the start of the validation test, MSE-TA spiked a nominal 3 µg/DSCM during M29 runs 1 and 2.  Following these runs, it was determined that the background Cr concentrations were insignificant and MSE-TA raised their spiking rate to 5 µg/DSCM for the remainder of the tests.  Overall, the XCEM was consistently 10% higher than M29 at both concentration levels (Table 11).  This represents a difference of about 0.5 µg/DSCM.  The good agreement between the XCEM and M29 at both the 3 and 5 µg/DSCM levels validates the ability of the XCEM to accurately measure Cr at very low concentrations.



Subsequent measurements of the XCEM filter tape by the CES-QuanX and ICP were within 3% of the M29 concentrations.  The consistency of M29 with the predicted values and subsequent measurements of the XCEM filter tape indicates that an XCEM calibration error of about 10% may have been responsible for any differences between the two methods.



The Cr relative accuracy was 15%, meeting PS10 criteria.



Table 11. Summary of Chromium Concentration Data During M29 Testing (µg/DSCM)
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Overall, the XCEM effectively measured the three key elements for the M29 tests.  The XCEM met relative accuracy criteria, showed good response to changes in concentration, and had good response times and correlations.



3.2 REGULATED ELEMENTS  NOT TYPICALLY FOUND IN TEAD EMISSIONS



APE-1236 is regulated for six additional elements that are not typically found in the feedstream in quantities that approach the regulatory limits: As, Hg, Sb, Ni, Ba, and Be.  The XCEM did not measure Be as part of this test. The XCEM met PS10 measurement criteria for Sb (20%) and Ba (4%), but was conservatively higher than M29 for As, Hg, and Ni with relative accuracies of 27%, 33%, and 33% respectively.  



3.2.1 ARSENIC



Arsenic results are shown in Table 12.  The XCEM reported concentration was in good agreement with the post-test analysis of the filter tape by both the QuanX and Columbia Analytical.  Their agreement indicates that the XCEM calibration was correct to within a few percent. 



The XCEM concentration is also in good agreement with the predicted concentration.  Some question exists, however, as to the predicted concentrations true value since the HKM analysis of the MSE-TA solution was 23% lower for As.  If the HKM As concentrations were used, the predicted concentration would be much closer to M29.



Overall, the XCEM was 25% higher than M29 concentrations for As.  Aside from calibration errors, other potential sources of error for the XCEM include loss during transport, low filter trapping efficiency, deposit positioning errors, spectral interferences, and incorrect flow measurements. Each of these error sources is highly unlikely.  The first three sources of error would only result in XCEM concentrations lower than M29. Spectral interferences would not have impacted Columbia Analytical ICP/MS results, and incorrect flow measurements would have resulted in all metals being uniformly high or low since one XCEM flow measurement is applied to all of the metals for each run. For this reason, the differences in concentration appear to be due to M29 errors.



The XCEM’s relative accuracy of 27% did not meet PS10 criteria.  However, the XCEM was conservatively high for this element, which is typically not found in the TEAD emissions. The XCEM was also highly correlated with M29 As (r²=0.85) showing good responsiveness to changes in As concentration.



Table 12. Summary of Arsenic Concentration Data During M29 Testing (µg/DSCM)
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3.2.2 MERCURY



Unlike the other elements, Hg is primarily in the vapor phase in typical stack emissions. For example, during the 2001 M29 tests at TEAD, the particulate Hg captured on the M29 filter and probe represented 1% of the total Hg.  The XCEM relies upon a specially treated filter membrane to capture the vapor phase Hg while M29 uses an impinger train.



The APE-1236 Hg limit is about 3000 µg/DSCM.  Mercury, however, is typically not present in TEAD stack emissions.  Indeed, an earlier multi-metals monitor was certified for use at TEAD without even measuring Hg (Seltzer, 1999).  For the current validation test, Hg was spiked by MSE-TA with results shown in Table 13.



The XCEM and M29 concentrations had acceptable agreement during runs 1-5 with the XCEM 16% higher than M29. Had the conditions for runs 1-5 been duplicated for nine runs, the XCEM would have met the relative accuracy requirements for Hg. However, following run 5, the XCEM was consistently 34% higher than M29.  It is believed that these differences are due to vaporization of particulate mercury from the M29 filter.  



During runs 1-5, the Hg solution contained Zn and Ni.  Following run 5, Pb was added to this solution.  Although Hg was spiked at a constant rate, M29 Hg concentrations decreased by 8% following Pb injection. The source of this decrease may be related to the unusually high level of particulate phase Hg present during this validation test.  Particulate Hg is captured on the M29 quartz fiber filter and can be readily volatilized if the filter is not cooled.  Even though total M29 Hg decreased following run 5, the fraction of Hg on the M29 filter increased from 18% in runs 1-5 to 30% in runs 6-12 (Pattison, 2002).  The Hg captured on the filter represents particulate phase Hg, which is typically only a couple of percent of the total Hg.  As such, M29 does not require refrigeration of the M29 filter and it was not cooled while being trucked to California for analysis. During this time, a significant quantity of the Hg on the filter could have vaporized. Figure 4 shows the relationship between the level of Hg on the M29 filter and the percent difference between M29 and the XCEM.  The high correlation (r² = 



The XCEM filter also showed a loss of about 30% of its Hg as demonstrated by an analysis of the spectra available during validation testing and a few weeks later when the tape was reanalyzed by the CES QuanX.  Interestingly, the CES tape had previously shown good retention for vapor phase Hg on earlier tests (Cooper, 2000; Johnsen, 2001) so the Hg loss seems to be dependent upon the quantity in the particulate phase. 



Table 13. Summary of Mercury Concentration Data During M29 Testing (µg/DSCM)



[image: image17.wmf]RUN



PRD



1



M29



1



XC



1



QN



1



CA



1



XC/QN



XC/PRD



M29/PRD



XC/M29



QN/M29



1



324



332



367



257



1.42



1.13



1.02



1.10



0.77



2



325



334



381



251



1.52



1.17



1.03



1.14



0.75



3



333



294



365



262



1.39



1.09



0.88



1.24



0.89



4



322



327



368



301



1.22



1.14



1.02



1.13



0.92



5



323



318



379



308



274



1.23



1.18



0.99



1.19



0.97



6



329



280



378



288



254



1.31



1.15



0.85



1.35



1.03



7



327



285



392



302



1.30



1.20



0.87



1.37



1.06



8



325



306



406



294



1.38



1.25



0.94



1.33



0.96



9



324



309



405



287



1.41



1.25



0.95



1.31



0.93



10



328



292



395



282



1.40



1.20



0.89



1.35



0.97



11



326



295



397



286



1.39



1.22



0.90



1.35



0.97



12



322



293



389



267



1.46



1.21



0.91



1.33



0.91



AVG.



326



305



385



282



264



1.37



1.18



0.94



1.27



0.93



SD



3.3



19



14



19



13.8



0.09



0.05



0.06



0.10



0.09



1)  Mercury lost from filter.






Figure 4. Percent Difference Between M29 and the XCEM vs. Percent of Mercury on M29 Filter
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3.2.3 ANTIMONY



Antimony results are shown in Table 14.  Overall, the XCEM was higher than M29 by about 18%, but met relative accuracy criteria with an RA of 19.9%.  Subsequent analysis of the filter tape by the CES QuanX was in better agreement with M29.  For this reason, it is believed that the XCEM/M29 differences were due to XCEM calibration errors of about 15%.



Table 14. Summary of Antimony Concentration Data During M29 Testing (µg/DSCM)
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3.2.4 NICKEL



Validation test results for Ni are reported in Table 15.  The XCEM was about 30% higher than M29 and had a relative accuracy of 34%, which did not meet PS10 criteria.  Although the XCEM Ni concentrations were supported by the CES QuanX filter evaluation and predicted concentrations, the M29 results were similar to results from Columbia Analytical. At this time, the XCEM appears to have been calibrated correctly.  As discussed in the As section, since the XCEM was higher than M29, the difference appears to be due to M29 analytical problems.



Nickel is not typically found in TEAD stack emissions and the site has a 140,000 µg/DSCM stack emission limit.  As such, the conservative numbers produced by the XCEM should serve to adequately ensure that Ni is below the emission limit.



Table 15. Summary of Nickel Concentration Data During M29 Testing (µg/DSCM)
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3.2.5 BARIUM



Barium results for the validation tests are shown in Table 16. For Ba, the predicted concentrations, M29 results, XCEM results, and QuanX reanalysis all agree to within 10% with an XCEM relative accuracy of 4%.  Although the stack limit is 500,000 µg/DSCM, typical Ba concentrations found in the stack are in the 0 to 200 µg/DSCM range. During these validation tests, the XCEM demonstrated good accuracy relative to M29 for Barium under realistic stack conditions.



Table 16. Summary of Barium Concentration Data During M29 Testing (µg/DSCM)
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3.3 NONREGULATED METALS 



Two non-regulated metals, Sn and Zn, were measured by the XCEM during validation testing. As discussed earlier, M29 is not approved for Sn and the M29 Sn results were not considered valid (Pattison, 2002b).  Zinc was spiked by MSE-TA with XCEM reported concentrations shown in Table 17.



Overall, the XCEM Zn concentrations were consistently about 40% higher than M29.  The XCEM Zn concentrations were in good agreement with both the CES QuanX and Columbia Analytical tape evaluations indicating that calibration was not the primary source of this difference.  As discussed in the arsenic section, XCEM potential sources of error would lead to decreased concentrations.  Since the XCEM was higher than M29, it is believed that the difference is primarily due to M29 errors.



Table 17. Summary of Zinc Concentration Data During M29 Testing (µg/DSCM)
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4.0 CONTINUED USE OF THE XCEM



Following the conclusion of the M29 tests, the XCEM was used in a series of diagnostic tests to evaluate air pollution control technology installed at APE-1236.  Using the XCEM, TEAD personnel developed baseline data for lead and zinc during incineration of various munitions.  Next, a bypass duct was blocked with a metal plate resulting in a greater than 90% drop in metal concentrations.  Using this data, TEAD was better able to understand sources of Pb in the emissions.



Currently, the XCEM is being moved to a newly developed “test furnace” at TEAD.  The furnace, operated by the Ammunition Equipment Division, anticipates using the instrument to rapidly determine effects of changes in munitions or control strategies.



The continued use of the XCEM to diagnose and assist with process control indicates the value of having an installed continuous emission monitor for multi-metals at TEAD.



5.0 CONCLUSION AND RECOMMENDATIONS



The XCEM successfully measured the three potential emission limiting elements found in APE-1236 which could potentially approach emission limits: Pb, Cd, and Cr.  The XCEM also successfully measured two other regulated metals: Ba and Sb and were conservatively high for As, Hg, Ni and the unregulated Zn.  An analysis of potential sources of error suggests that the XCEM numbers for As, Hg, Ni, and Zn best reflect actual stack gas concentrations.  The XCEM was responsive to changes in concentration and showed good correlation with the reference method for elements that were spiked at more than one level.  In addition, the XCEM successfully measured low metal concentrations as demonstrated by the XCEM’s tracking of M29 chromium’s low concentrations when changes of only two micrograms per cubic meter occurred between runs two and three.



The XCEM has continued to be a useful instrument at TEAD for diagnostics and process control. CES recommends the adoption of the XCEM as a validated monitor for incinerators such as APE-1236.  Recent advances in XRF technology have allowed for a miniaturized version of the XCEM with better detection limits than the current system.  CES also recommends that this technology be incorporated into a mobile version of the XCEM for the army’s stack testing organization (CHPPM) and an extension of the technology to a mercury-dedicated XCEM.
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APPENDIX B



MERCURY CALIBRATION ADJUSTMENTS AND VOLATILITY LOSSES FROM PARTICULATE MATTER FRACTION


1. INTRODUCTION



Mercury represents a distinctly different hazardous element from the others included in this test in that it is more likely to exist in the vapor phase and has been shown to exhibit distinctly different transport properties.  These properties appear to have contributed to differences in the mercury concentrations measured by the different methods compared in this test. This appendix discusses the details associated with both the adjustments that were made to the XCEM calibration factors and losses of mercury from particulate deposits after sample collection.



2. CALIBRATION ADJUSTMENTS



Two adjustments were made to the mercury results after the first test run was started.  The first adjustment was a 7% increase in the mercury sensitivity factor between M29 Run 1 and Run 2.  The second was a 4% increase in the sensitivity factor shortly after the completion of the tests and before the M29 and XCEM results were submitted.  The necessity for these adjustments was due in part to the volatility of the mercury, which makes it difficult to make stable thin-film mercury standards.  As such, thin film mercury standards are not available from NIST.  The standards that are available are relatively unstable and need to be frequently validated.  This method limitation is generally minimized by the fact that energy dispersive X-ray fluorescence sensitivity factors are a smoothly varying function of atomic number.  This allows mercury sensitivity factors to be estimated by interpolation using well-defined sensitivity factors for elements with similar atomic number such as platinum, gold, thallium, lead and bismuth.  The following two adjustments were based on this interpolation process and a re-evaluation of the best-estimated calibration factor.



a. Adjustments During First Day of Testing



Mercury calibration of the XCEM prior to the M29 tests was done during preliminary spiking tests.  During these tests, the NIST thin film standard for lead was not available and the mercury sensitivity was estimated based on a previous measurement of the lead NIST standard.  This fact wasn’t realized until the testing started and a review of the preliminary mercury results indicated a potential bias relative to the NIST lead results.  As a result, the mercury calibration was adjusted by 7% during the period between M29 Run 1 and Run 2.



b. Post-Test Adjustments 



The second adjustment to the mercury results of 4% was applied when the calibration factors were reviewed following the tests.  A comparison with the ratio of mercury to lead sensitivity factors developed from a more extensive study in the laboratory indicated that the 0.838 ratio used during the tests should have been 0.873.  This 4% correction was applied to the XCEM results prior to the submission of either the M29 or the XCEM results. 



3. LOSSES FROM PM FRACTION



a. Introduction



The XCEM mercury results were, on average, 18% greater than the predicted concentration, 27% greater than the M29 results, 37% greater than the laboratory XRF measurements of the XCEM deposit spots, and 45% greater than the CVAA measurements on the XCEM deposit spots.  Subsequent investigations of these differences strongly suggest that the XCEM results are the best estimate of the actual mercury concentrations in the stack.  It is hypothesized that the large differences between the XCEM mercury results and the results from the other methods is due to the loss of mercury from the filter deposits after the M29 and XCEM samples were collected and after the XCEM original measurements were made.  This hypothesis is described in more detail in the following subsection.  The experimental measurements are described in Subsection C and the results are summarized and discussed in Subsection D.  The hypothesized model is then evaluated relative to the available data in Subsection E.



b. Model



A model has been developed to explain the apparent high XCEM mercury concentrations relative to M29.  In this model, mercury is lost from the particulate fraction of the M29 and XCEM filters after the initial XCEM measurements were made.  That is, a substantial fraction of mercury was associated with the particulate fraction, and the mercury in this particulate was unstable.  Since all of the other analytical methods relied on aged samples, the mercury concentration results were low due to vaporization of particulate mercury prior to laboratory analysis.  As discussed in the following subsection, a substantial amount of experimental data is available, all of which is supportive of this hypothesized model.  Most of this experimental data was developed only because of the unique characteristics of the XCEM and the fact that the XCEM elemental measurement is nondestructive and the spectra from each of the original measurements were archived.



c. Experimental 


The initial XCEM measurements were based on the analysis of filter deposits, which were a combination of both absorbed vapor phase mercury species and surface deposits of particulate mercury species.  Each deposit was analyzed using three different X-ray excitation conditions, resulting in spectra that were used to determine concentration.  All spectra were archived in the XCEM computer.  As such, the deposit was available for further analysis and testing, and the original spectra was available for comparison with subsequently developed spectra.



Following the validation testing at TEAD, several tests were conducted by CES to better understand the mercury concentration differences between M29 and the XCEM.



· All of the XCEM deposit spots corresponding to all of the M29 runs were reanalyzed by CES’s laboratory QuanX XRF analyzer six weeks after the initial validation test.  In addition, ten XCEM filter deposit spots were analyzed over a period of two months to evaluate mercury stability.  Spectra from these tests were compared to archived spectra from the original validation test.


· The XCEM deposit spots corresponding to M29 Runs 5 and 6 were analyzed first by laboratory XRF and then by cold vapor atomic absorption by an independent laboratory (Columbia Analytical Services).


· The elemental concentrations in the MSE-TA spiking solutions corresponding to M29 Runs 5 and 6 were analytically determined by HKM labs in Butte, MT.  



d. Results and Discussion



The mercury results for the original validation test are summarized in Table C1.  There is a clear bias of about 26% between the XCEM results and the M29 results.  Normally, the M29 results would be accepted as the best estimate of stack mercury concentration and it would be assumed that the candidate method (XCEM) was in error.  However, because of the total quality assurance associated with the XCEM and the fact that the XRF analysis is non-destructive, it is possible to conduct further analyses to evaluate the potential cause of this difference.  Additionally, the laboratory analysis results for each component of the M29 sampling trains (i.e. probe, filter, and back half) were determined separately, and are available for interpretation.  



Table C.1 Mercury Reported Concentrations During Year 2002 Method 29 Validation Testing.
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i. Loss of Mercury From the XCEM Filter


a. Laboratory XRF Measurements (QN)



Two months after the validation testing, CES’s laboratory QuanX XRF analyzer reanalyzed the original XCEM deposit samples with good replication for all elements except mercury (see Table 5 in main body of text).



A series of ten spots on the XCEM filter tape were reanalyzed between on 6/21/02 and 7/11/02.  The spots, which represent 10 XCEM runs, showed a consistent mercury loss of about 30% over the three-week period.  Other sources of error such as shifts in geometry or instrument instability were eliminated as possible systematic sources of error by noting that the other elements were replicated within experimental error to a few percent.



b. XCEM Measurements (XCEM)



To confirm this loss of mercury, five XCEM deposit spots were re-analyzed by the TEAD XCEM, which was still operating with the same conditions and calibration factors as used during the M29 tests about two months earlier.  The X-ray spectra from the original analysis of XCEM Run Numbers 939 to 943 (M29 Run Number 4) are compared in Figure C1.  This comparison clearly shows that there is good agreement for the two closest analyte peaks for zinc and lead, but a substantial reduction in the peak intensity for the mercury L-alpha analyte line.  A comparison of the XCEM mercury concentrations measured during the M29 testing (5-14-02) with those measured with the XCEM on 7-25-02 indicate a 31.4 ± 0.4 µg/m3 reduction in measured concentration.  Although this reduction might be associated with possible systematic errors such as sample positioning, this possible source of error was eliminated by comparing other elements such as zinc and lead as well as the ratio of mercury to these elements.  The reduction in mercury to zinc ratio, for example, was 29.1%, which is in good agreement with the mercury-measured reduction.



Clearly, mercury was lost from the XCEM deposit after the sample was collected and analyzed by the XCEM.  As discussed in the following subsection, the available data strongly suggests that a substantial portion of the M29 mercury was also lost from the M29 PM filter deposits prior to analysis.



Figure C.1 Comparison of XCEM X-Ray Spectra Measured During Method 29 Testing and Seventy-One Days Later.






ii. Instability of M29 Mercury PM Deposit Highly Likely



Although there is no direct evidence of the loss of mercury from the M29 samples, there is ample indirect evidence that a similar loss to that of the XCEM deposit would be expected.  This indirect evidence is discussed in the following three subsections.



c. Train Location of Mercury Deposits



The recovery and analysis of the M29 probe, filter, nitric acid impingers, sulfuric acid impingers and the hydrochloric acid rinse were kept separate for both the May 2001 and May 2002 M29 tests.  The results are summarized and compared in Table C2.  It is interesting to note that during the 2001 testing, only about 1% of the mercury was deposited on the quartz fiber filter.  This is typical of most stack measurements of mercury, and as such there is little concern for the stability of the PM deposited on the filter.  However, this is not the case for the 2002 mercury measurements.  During these latter tests, 18% of the mercury was deposited on the filter during runs 1 through 5 with no lead in the mercury-nickel-zinc spiking solution.  After adding lead to the spiking solution, the percent of mercury depositing on the filter increased to 29% for the remaining M29 runs.  



Table C2. Comparison of the Location in M29 Sampling Trains Where the Mercury Was Deposited During the 2001 and 2002 Tests.
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It is interesting to note that during the 2001 M29 tests, the reported M29 mercury concentrations were 12% greater than the predicted concentrations; similar to the 18% (12% with corrected solution concentrations) measured this year with the XCEM.  On the other hand, the 2002 M29 results are 6% less than the predicted concentrations rather than 12% greater like last year.



These results are certainly consistent with the hypothesis that M29 mercury results are low because there was a loss of mercury from the M29 quartz fiber filter between the time it was collected on the filter and the time it was analyzed.  It is also consistent with the fact that many of the mercury compounds and amalgams of mercury are relatively unstable and have relatively high vapor pressures.  Thus, it should not be surprising that if there is a substantial portion of the mercury on the filter as there was during the 2002 tests, there might be a potential for significant loss due to volatilization.  It also needs to be noted that the filters were not stored in a controlled environment from the time they were collected until they were delivered to the analytical laboratory several days later.  During this time, they may have been exposed to relatively high ambient temperatures while being transported through the western desert from Tooele, UT to California in the back of a closed panel truck.



d. Correlation with Percent Mercury on M29 Filter



The percent difference between the M29 mercury results and the XCEM results is significantly correlated with the percent mercury on the M29 filters as is illustrated in Figure C2.  That is, the percent difference between the two methods (percent loss from the M29 filter) is dependent on the fraction of the total mercury measured in the M29 train that is on the filter.  This observation is consistent with the proposed hypothesis for the difference between the various methods, that is loss of mercury from the M29 filter.   



Figure C2. Percent Difference Between M29 and the XCEM vs. Percent of Mercury on the M29 Filter
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ii. Precision



The difference in the mercury concentrations was not likely due to imprecision in either of the two measurements.  Mercury was one of two elements spiked by MSE-TA which were clearly not present in the background stack emissions.  Thus, the variability in the mercury concentration was due primarily to variability in the spiking and stack flow rates.  The mercury precision as measured by the XCEM was 3.8% and 6.1% for M29, which includes the variability in the above two parameters as well as the measurement method variability.



iii. Mercury to Nickel Ratio



Nickel was another element that clearly was not present in the background, and it was in the same spiking solution as the mercury.  Thus, the ratio of mercury should not vary significantly since the concentrations for these two elements was kept constant for these latest tests.  The XCEM measured mercury to nickel ratio was 1.37 ± 0.015 (1.1% relative) and close to both the M29 ratio, 1.41 ± 0.116 (8.3 % relative), and the predicted concentration ratio based on the measured solution concentration ratio of 1.33.  It is interesting to note that the XCEM precision is significantly better than the M29 ratio precision, both of which should be relatively independent of factors other than the individual method.  


iv. Low Columbia Analytical Services Results



The XCEM deposit samples submitted to Columbia Analytical Services for CVAA analysis were extracted 41 days after they were analyzed by CES.  Based on an assumed linear loss rate, the expected mercury concentrations at the time of extraction would be about 10% lower than measured by the CES XRF analyzer.  The observed difference was 14%.



4. CONCLUSION



The weight of evidence clearly indicates that the XCEM mercury deposit was unstable as well as the M29 PM deposit on the quartz fiber filter.  This instability was most likely the cause of the difference between the mercury measured by these two methods and the other methods.  It is highly likely that if these losses had not occurred, the XCEM would have passed the PS10 relative accuracy tests.



It is recommended that in future M29 testing, the filters be immediately sealed and cooled to at least 0°C, stored at below freezing temperatures and digested as soon as possible after sampling. 
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QUALITY ASSURANCE SUMMARY FOR MONTANA TEST OF CES’s CEM



1.0. INTRODUCTION



Cooper Environmental Service’s (CES) X-ray-based Continuous Emissions Monitor (XCEM) extracted an isokinetic sample from the test duct through a one- inch diameter nozzle.  This stack gas sample was slowed in a downward-flow stilling chamber where a second isokinetic sample was drawn through a test filter tape that trapped both particulate and ionic vapor-phase elements.  The entire sample extraction system was heated to about 350°F.  The sample analyzed by the X-ray fluorescence analysis part of the XCEM consisted of a spot with a diameter of about 0.25 inch, which was positioned near the center of the X-ray excitation beam.



There are two parameters (elemental mass and volume) that go into the calculation of stack gas concentrations, but there are four categories for potential errors in this measurement: sample extraction efficiency, filter sampling efficiency, elemental mass determination, and measurement of stack gas volume sampled.



Sample Extraction.  The sample extraction system was designed to minimize loss of particulate due to impaction and settling.  The use of a one-inch diameter nozzle made the extraction system relatively insensitive to flow variations.  The stilling chamber was three inches in diameter and three feet long.  The stilling chamber meets the eight diameter rule and previous tests of a similar stilling chamber has shown that the particle concentration at the test sample extraction point is uniform to within ±3%.  Although there is bound to be some loss of particles and gaseous species to the walls of any extractive CEM, these losses can be minimized and the results adjusted for these small losses.  In this particular test, the particulate losses prior to filter sampling appear to be less than about 10%.  This estimate is based on the following reasons:



· Only about 10% of the Method 29 metals were deposited in the much smaller Method 29 nozzle and transport tubing.



· The average reported lead and chromium concentrations are 8% and 11%, respectively, less than the Method 29 concentrations.  The arsenic, cadmium, chromium and lead concentrations after adjusting for calibration errors are only a couple of percent lower than the corresponding Method 29 results.  Assuming similar particle size distributions for the other elements, it is unlikely that particle loss in the XCEM extraction component is a significant source of error.



· The potential loss of gaseous species is expected to be low because the addition of chlorine gas resulted in the increase in only lead, and then only about one microgram.  If other potential vapor phase species had been lost to the walls, the high temperatures and chlorine gas is expected to indicate this as it did with the small amount of lead.



Filter Sampling Efficiency.  The filter sampling efficiency has been determined in the laboratory to be on the order of 98% for particulate and ionic vapor phase elements.  Elemental vapors such as mercury have trapping efficiencies of less than 1%.  The original test plan called for the addition of chlorine gas to convert the elemental mercury to mercuric chloride, which would then be trapped by the filter.  Because of system problems, chlorine gas was used only for a few samples.  Thus, the XCEM low reported mercury results are expected to be due to the presence of elemental mercury and its poor sampling efficiency.  The Method 29 results suggest that the other metals were dominated by particulate species.  Thus, the sampling efficiency is not expected to have contributed to differences in the XCEM and Method 29 results.



Elemental-Mass Determination.  The elemental mass in the filter deposit was determined using an energy-dispersive X-ray fluorescence analyzer.  This method is a particularly powerful tool for this application because the analysis is non-destructive and its results are potentially National Institute of Standards and Testing (NIST) traceable.  In addition, the spectral results for each analysis are recorded, all of the elements are determined simultaneously, the elemental sensitivities are a smoothly varying function of atomic number, and the elemental analyzer is extremely stable, typically requiring recalibration only about once or twice a year.  In this particular evaluation, the instrument was calibrated prior to the field tests, but the calibration could not be validated before the tests because of limited time.  However, post calibration tests were conducted and indicated less than a 3% change in the calibration.  Additional post calibration tests did indicate a bias in the XCEM calibration factors, which can explain most of the difference in the reported XCEM and Method 29 concentrations for arsenic, cadmium, chromium and lead concentrations.  If the independent laboratory based XCEM calibrations factors are used, arsenic, cadmium, chromium and lead would all meet the EPA relative accuracy criteria of 20%.  These adjustments are discussed in Section 4.0.



Volume Sampled.  The volume of stack gas sampled was determined by subtracting the dilution gas volume from the total sample volume determined by a NIST-traceable mass flow meter.  In the early part of the tests, the dilution volume was estimated with a rotameter, which was subsequently calibrated against the mass flow meter.  In the latter portion of the tests, a second mass flow meter was used to determine the dilution gas used.  



In general, uncertainties in the stack gas volume sampled are not expected to have contributed significantly to any of the differences in the Method 29 and XCEM results.  This is based on the fact that the same volume is used in the calculations for each of the elements.  Since the chromium and lead were very close to the Method 29 results, the volume used in the calculations for all the elements could not be significantly in error with either of the two methods.



2.0. PRE-TEST LABORATORY DETERMINATIONS



2.1. Energy calibration



The X-ray fluorescence analyzer component of the XCEM is periodically calibrated for energy.  During this evaluation, the instrument was calibrated for energy prior to calibrations, and the online field tests.



2.2.
Determination of elemental line interferences



Elements expected to be present in the test stack gas were determined from filter samples collected at the test facility.  The analyzer was calibrated for these elements and potential spectral interferences determined.  The elements present in the stack gas during the tests were as determined from the pre-test samples.



2.2. Blank interference and variability determinations



Blank filter tape elemental concentrations were determined prior to the tests and during the online field tests.  In no case, was there a measurable amount of the reported elements present in the blank tape, nor was there a significant amount of a potentially interfering element.  The only major elements present were sulfur and chlorine.  The only measurable trace element impurities were a few nanograms per cm² of iron, zinc and bromine.  



2.3. Elemental sensitivity determination



The analyzer elemental sensitivities or calibration factors were determined using thin-film standards (Micromatter), which are NIST traceable through gravimetric standards.  These standards were internally evaluated by plotting elemental sensitivities versus atomic number.  Because the electron binding energies and probabilities for creating electron vacancies is a smoothly vary function of atomic number, any elemental sensitivity falling off a best-fit smoothly varying curve was considered suspect and evaluated.  The calibration factors used to calculate the originally reported results were based on these thin film standards.  These factors were subsequently adjusted based on post analysis of XCEM spots by an independent analytical laboratory as discussed in Section 4.0.



Mercury was an exception to this procedure.  Thin film mercury standards are not available.  For these tests, a secondary mercury sample was used for spectral response calibration and a theoretical instrument ratio to lead was used to calculate a mercury intensity calibration factor.  The instruments manufacturers theoretical ratio of 0.85 was used.  This ratio has not yet been validated, and may be a source of some of the differences in the XCEM-reported results.



3.0. PRE-TEST ONLINE QUALITY ASSURANCE TESTS



3.1 Energy calibration



The XCEM was energy calibrated prior to the tests after it had been installed in the test facility.  This energy calibration was checked periodically during the test period.



3.2 Elemental sensitivity check



The elemental sensitivity or calibration factors were checked at the site after system installation and just prior to the test runs by analyzing the thin film calibration standards as unknowns.  The resulting XCEM results are compared to post-tests XCEM results in the following section.  This comparison shows that instrument calibration drift was less than 3% between the online field application and post-test laboratory measurements over a month after the field tests.



4.0. POST TEST LABORATORY QUALITY ASSURANCE TESTS



The XCEM was disassembled after the online field tests and reassembled at CES’s laboratory several weeks later.  Several post-test quality assurance checks were conducted at this time.  The results of these post quality assurance tests are discussed in the following subsections.



4.1. Energy calibration check



The system was calibrated for energy prior to instrument use to assure proper peak shape and location in the recorded X-ray spectra.



4.2. XCEM analysis of thin film standards as unknown



Thin film standards were used to calibrate the XCEM prior to online analysis.  These same thin film standards were run again as unknowns prior to the online tests assuming a sample volume of 0.01 m3.  After the XCEM was returned to the laboratory, these thin film standards were again analyzed as unknowns as a post calibration check.  The pre-test and post-test equivalent stack gas concentrations reported by the XCEM are compared below.
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Clearly, there had not been a significant change in the XCEM calibration since the system was in use at the Montana tests and reassembled at CES’s laboratory.  This is important because the subsequent laboratory tests and potential adjustments of the field data rely on this determination that there has been no change in the elemental calibration factors since the online field tests.



4.3. XCEM reanalysis of selected XCEM field test samples



Seven XCEM deposit spots from the online field tests were reanalyzed in CES’s laboratory.  This was done to validate the online field test results and to assure the deposits had not lost a significant amount of mass when they came in contact with tape on the spool.  The results of the laboratory analyses are compared with the online field test results in Table 1.  The average difference between the laboratory and field measurements was 1.9%, with the laboratory results generally less than the field test results.  This confirms the field measurements to an uncertainty of about 6% and suggests that possible loss of deposit mass was reasonably small.  Four of these spots were submitted to Chester LabNet for GFAA (graphite furnace atomic absorption) analysis of arsenic, lead and cadmium (There was insufficient sample to analyze for antimony and chromium.), and two additional deposit spots were analyzed by CVAA (cold vapor atomic absorption) for mercury.  The results from these analyses are discussed in the following subsection. 



4.4. AAGF/CVAA analysis of selected XCEM field test samples



The seven selected deposit spots analyzed above were submitted to an independent laboratory (Chester LabNet) for wet-chemical analysis.  Because of the small deposit mass, all of the reported elements could not be analyzed in each of the spots as noted above.  



The results of post-test wet chemical analyses of the selected deposit spots from the field tests are summarized in Table 2.  This table shows that there is no significant difference in the lead concentrations measured by the independent laboratory and measured at CES’s laboratory.  There was, however, significant differences in the two laboratory results for Hg, As, and Cd.  The average difference for two mercury spots was 28%.  This suggests that the mercury reported by the XCEM was low by, on average, 28%.  This is not necessarily surprising since a theoretical sensitivity factor was used because of the absence of available mercury standards.  The mercury results, however, would still be low relative to Method 29 results even with a 28% adjustment because of the low filter trapping efficiency for elemental mercury.



In the case of cadmium, the average difference in the laboratory XCEM results and the independent laboratory reported cadmium results is 17%.  If the independent laboratory results were assumed to be the best representation of the true cadmium mass, the online XCEM calibration factor and field results would need to be increased by 17 %.  With this adjustment, the average XCEM field test cadmium results would be in good agreement with the Method 29 cadmium results; that is, 98 µg/m3 versus 100 µg/m3.



The independent laboratory arsenic results also suggest an average XCEM calibration bias of 24%.  Again, if the independent laboratory results assumed to be the best representation of the arsenic mass in the XCEM spot, the XCEM arsenic calibration factor and field results would need to be increased by 24%.  Again, with this adjustment, the average XCEM arsenic results are in good agreement with the method 29 results, 25 µg/m3 for Method 29 versus 21 µg/m3 for the XCEM.



The good agreement for the independent laboratory and XCEM laboratory lead results is strongly supportive of the online field XCEM results.  The XCEM results would be a couple of percent closer in agreement with the Method 29 results if the independent laboratory lead results were used to adjust the XCEM calibration factor for lead.  With this adjustment, the average XCEM lead is 67 µg/m3 compared to 70 µg/m3 for Method 29.



The antimony results, however, differ by more than five fold.  There was insufficient sample available for the determination of chromium and antimony on the spots submitted for independent analysis.  However, it is clear at this time that the reported Method 29 antimony results are grossly in error and probably due to poor recovery of antimony in the analytical laboratory.  This conclusion is based on the generally good agreement between the two methods (after adjusting calibration factors) for arsenic, cadmium, chromium and lead, the higher XCEM results, and the XCEM measured antimony to cadmium ratio.  The good agreement for these four elements strongly validates the volumes used in both methods. Thus, the antimony difference cannot be explained by a difference in the volumes used to calculate the antimony concentration.  



The fact that the XCEM results are about six-fold greater than the Method 29 results implies that the difference is not due to loss of antimony in the XCEM.  However, there is a well-established potential for loss of antimony in some EPA filter digestion procedures such as EPA Method 3050, SW 846.    



In addition, the XCEM results show that the antimony stack gas concentration is clearly almost two times greater than the cadmium concentration, not almost six times less than the cadmium concentration as suggested by the Method 29 results.  Since the cadmium results are in good agreement, the difference in the elemental ratio must be associated with the antimony.  Because the XCEM measures the antimony and cadmium simultaneously, its measure of the ratio is highly reliable and expected to have an uncertainty of no more than about 10%.  In addition, since the spectra for each sample spot was saved, they were reviewed and the analyte line intensities and reported relative concentrations were confirmed.  



Additional spots have been submitted to an independent laboratory for antimony and cadmium determinations.  These results will contribute significantly to our understanding of the differences in reported antimony results



Thus, for the above stated reasons, it is highly likely that the Method 29 results are in error due to loss of antimony, most likely through either volatilization or in the filtered precipitate prior to instrumental analysis.



 It is also important to note that this type of post-independent laboratory analysis is possible because of the nondestructive nature of the XCEM analysis and the above-demonstrated minimal loss of deposit to other portions of the tape on the spool.  The comparison of results is essentially equivalent to a pre-analysis spike recovery test.  The primary limitation of this type of post-test analysis recovery evaluation is the analytical sensitivity and accuracy of the method used by the independent laboratory.



4.5. XCEM analysis of spikes



In addition to the above quality assurance steps, a post-test analysis of spiked filter samples was conducted.  The resulting calibration factors using spikes for arsenic, cadmium, lead and antimony are generally supportive of the above conclusions.
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